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I. INTRODUCTION
S QUIDS (Superconducting Quantum Interference Devices) are ultrasensitive detectors of magnetic flux and through suitable input transduction may be used to measure a wide range of physical parameters including electrical currents, photon energies, or displacements of mechanical sensors [1] . NanoSQUIDs are increasingly being developed as they offer high flux and spin sensitivity due to their reduction in size [2] - [4] . They have direct applications in scanning SQUID systems [5] , transition edge sensors [6] and quantum computation [7] .
The growing interest in nanoelectromechanical systems (NEMS) devices is due to the vast array of potential applications in both quantum and mechanical measurements [8] . At low temperatures, nanoscale mechanical resonators have already been shown to exhibit quantum behavior [9] . By coupling the resonator with a SQUID we hope to convert ultra-small displacements in the position of a NEMS resonator into an electrical readout given by a SQUID.
We have chosen to develop nanoscale SQUIDs (nanoSQUIDs) as readouts due to their high intrinsic flux sensitivity [10] resulting from their low geometric inductance, L, and also because we would like to match the scale of the SQUID to the resonator. The latter consideration allows us to firstly optimize the sensing area of the SQUID loop so we can measure the displacement directly with no input transduction, and secondly to permit easier fabrication processes which for instance may be partially done in-situ. In order to couple signals to conventional microscale SQUIDs, generally input coils or flux transformers are used. However with nanoscale SQUIDs, the fabrication and integration of multi-turn input coils becomes difficult, so the preferred method is to directly measure the displacement of the NEMS resonator using the nanoSQUID.
In previous work we have reported on the development of nanoSQUIDs coupled to paddle or beam shaped Al-or Aucoated Si resonators [11] - [13] . In the present work we instead report on devices coupled to Al-coated Si 3 N 4 beam shaped resonators. The use of Si 3 N 4 with its higher Young's modulus, and the low mass of the beam configuration allows potentially higher resonant frequencies, which should lead to greater sensitivity in mass or chemical detection applications.
II. THE FABRICATION PROCESS

A. Resonator
The resonating beam was fabricated from aluminum coated silicon nitride (Si 3 N 4 ). The aluminum layer was 40 nm thick and the silicon nitride was 100 nm thick. Si 3 N 4 was used as group III nitrides have exhibited high structural quality and dimensional control down to a monolayer [14] . In addition they exhibit piezoelectricity which could provide additional future functionality to the device. An alternative resonator material would be aluminum nitride which has already achieved quality factors in the tens of thousands [14] . The Si 3 N 4 films were grown on silicon substrates and were patterned using optical lithography. These were then undercut by a two stage etching 
B. SQUID
The SQUIDs used had loop dimensions of 3 μm × 10 μm designed to match the scale of the resonators as shown in Fig. 1 . For ultimate sensitivity it would be desirable in future to further reduce the dimensions of both the resonator and SQUID. However at this stage we chose to work with slightly larger resonators that could be easily manipulated and pre-stressed during attachment in the FIB system. This ensured they had a curved profile and would not come into contact with the SQUID. The SQUIDs were fabricated from an optically pre-patterned 160 nm thick niobium film using an FEI Nova NanoLab 600 dual-beam Focused Ion Beam (FIB). Dayem-type nanobridge weak links of approximately 60 nm in length and width were fabricated within the niobium pre-patterned loop to act as the Josephson elements [15] . The nanobridge regions were coated with amorphous e-beam deposited tungsten before the milling process. There are two benefits due to this. Firstly the device is partially protected from implantation poisoning which may occur during the milling process. Secondly it provides the nanobridge region with a normal thermal shunt layer allowing it to operate over a wider range of temperatures without hysteretic IV-characterstics due to hotspot formation.
A typical voltage-field of the nanoSQUIDs is shown in of the SQUID noise of similar devices at 7.8 K gave a very low noise floor of around 0.2 μΦ 0 Hz 1/2 at 1 kHz.
C. Coupled Devices
The Al-coated Si 3 N 4 resonators for all devices were attached to the SQUID in the FEI Nova NanoLab 600 in-situ using a piezo-based nano-manipulation system. The manipulator is connected to the resonator situated on a separate chip adjacent to the chip on which the SQUID is located. The manipulator is attached by ion beam deposited platinum (Pt) and is cut from the substrate once attached to the tip using the gallium ion beam. It is then moved into close proximity to the SQUID. As the sample stage cannot be rotated with respect to the tip some care is required in aligning the beam and the SQUID chips such that they still align once the resonator is cut from the initial chip and moved to the SQUID device. The final stage involves the deposition of a small amount of Pt at the ends of the beam to ensure an electrical connection between the aluminum film on the Si 3 N 4 beam and the pre-patterned contact leads on the SQUID chip. A typical completed device is shown in Fig. 3 . The resonator is asymmetrically positioned over one side of the SQUID loop in order to maximise the response from the SQUID. If the resonator had been aligned along the centre axis of the SQUID loop, a current flowing along the beam would produce no net flux in the SQUID.
III. PREDICTED RESONANT FREQUENCY USING AFM
A. Nanoindentation
One problem we have previously found with other types of resonators coupled to SQUIDs [12] is that there is often a discrepancy between the ideal theoretical and the measured resonant frequencies which is likely due to non-ideal materials and imperfections in fabrication. It is therefore highly desirable to be able to characterize the elastic properties of coupled resonators independently of any SQUID measurement. To determine the spring constant of the resonator and the Young's modulus of the material E in the final integrated device, we used the technique of nanoindentation. This has been used by other groups to characterize nanowires [16] and uses an Atomic Force Microscope Fig. 4 . Principle of nanoindentation. As the tip approaches the surface of the sample from afar in region I, the AFM cantilever is undeflected. At II the tip is attracted to the sample surface via the van der Waals force. In region II to III the cantilever is bent as the tip presses into the sample. From III to IV the cantilever bends in the opposite direction due to adhesion forces as it attempts to retract from the sample. The differences between the approach and retract curves are due to contact hysteresis. (a) shows the case of a hard structure and (b) shows the case for the resonator, a flexible structure.
(AFM) to precisely measure the interaction forces between the tip and the resonator. During the process of nanoindentation, the AFM cantilever tip approaches and is pushed into the sample until a predefined maximum force is exerted onto the sample; once this value has been reached the tip is retracted. During the procedure both the AFM piezo displacement and the force exerted onto the sample are recorded as shown in Fig. 4 , with the spring constant then extracted from the slope. Since the sample also bends, what is actually measured is the total spring constant k Σ for the combined cantilever and resonator. This satisfies
where k R is the spring constant of the resonator alone and k C is the spring constant of the cantilever alone. We determined the latter separately through the method of thermal tuning [12] . Using (1) and the measured values of k C and k Σ , we then estimated the effective value of k R against AFM tip position along the beam as shown in Fig. 5 . As would be expected the effective spring constant is lower in the center of the resonator. For a doubly-clamped beam of length l, width w, thickness t and rectangular cross-section loaded at distance a from one end, the standard expression for the effective spring constant at the load point is k = 3EIl 3 /a 3 (l − a) 3 , where I = wt 3 /12 is the area moment of inertia. A fit to this is shown in Fig. 5 for w = 3 μm, t = 140 nm, l = 30 μm giving a best fit value of E = 225 GPa. We can compare this with a theoretical estimate using typical ideal values of the Young's modulus for the bilayer (E Al = 70 GPa, E SiN = 310 GPa) and thicknesses (t Al = 40 nm, t SiN = 100 nm). This gives E = (t SiN E SiN + t Al E Al )(t SiN + t Al = 241 GPa. The experimental value is in reasonably good agreement despite the From this we can make a reasonable estimate of the frequencies of the natural modes of vibration of the resonator which can be determined by Fourier analysis of the solutions of the Euler-Lagrange equation with appropriate boundary conditions. For a doubly-clamped uniform beam, the natural frequency f 1 of the lowest mode is predicted [18] to be
where l is the length, ρ is the density, and A is the cross-sectional area. Using the measured value of E and textbook values of 3200 kgm −3 and 2700 kgm −3 for the respective densities of Si 3 N 4 and Al, we estimate the first mode frequency ranges from 0.49 MHz for a 50 μm-long beam to 3.09 MHz for a 20 μm-long beam with w = 3 μm and t = 140 nm.
IV. MEASURING THE RESONATOR USING THE SQUID
A. Comparison of a Conducting and Superconducting Resonator
For NEMS readout we use the nanoSQUID in small signal mode. The nanoSQUID is current biased above its critical current, with a perpendicular dc magnetic field B SQUID = 4.2 × 10 −5 T applied to flux bias the SQUID onto its working point. Although the SQUIDs have steep V-Φ characteristics, we have found in previous work that there is no issue with stability at the working point in small signal mode. Since the resonator in this case is Al-coated there are in principle two ways it could be used with an integrated SQUID readout. The first is to use the resonator as a current carrying conductor so that the motion of the resonator simply changes the flux detected by the SQUID. The motion of the resonator gives a time-varying mutual inductance M (t) = M 0 sinωt between the resonator and the SQUID. Using an ac resonator current I R (t) = I 0 sinωt, combined with an additional in-plane dc magnetic field B R , the beam can be continuously driven via a time-varying Lorentz force F (t) = B R I R (t)l. The orientation of the two applied magnetic fields is shown in Fig. 6 . The flux in the SQUID, Φ(t) = M (t)I R (t) would then have a component at twice the excitation frequency which could be detected with e.g. a lock-in amplifier.
The second approach is to use the superconducting coated resonator below its superconducting transition temperature, without an applied current. In this case the motion of the superconducting resonator modulates the self-inductance L of the SQUID changing its output voltage. The field due to the circulating supercurrent in the SQUID generates a screening current in the resonator which also generates its own field. During displacement of the resonator, the interaction between the two fields change as the separation changes. Thus the magnetic field profile of the SQUID is altered. In turn this creates a change in the output voltage of the SQUID given by
where Φ ext is the applied flux perpendicular to the SQUID, dL is the change in self-inductance of the SQUID loop due to the displacement of the resonator, and δz is the vertical displacement of the resonator from rest. We used the superconducting inductance package 3D-MLSI to model the relevant mutual and self inductances for the two cases versus the resonator position. The relevant dimensions of the device are indicated on Fig. 6 . The neutral position of the resonator is 2 μm above the SQUID. In the horizontal direction, zero is taken to be the center of the SQUID loop with the nanobridges (not shown) positioned at ±1.5 μm. The mutual inductance between the SQUID loop and resonator for various horizontal and vertical offsets of the resonator is shown in Fig. 7 . As the resonator moves away from the SQUID loop the mutual inductance decreases as expected. In the fabricated device the resonator was aligned as close as possible over one of the nanobridges to maximize the coupling, so we used this horizontal offset for the subsequent modelling of both cases.
The change in SQUID voltage was then predicted for the two cases for given vertical displacements of the resonator as shown Fig. 8 . The current-carrying case was modelled for a resonator current of 15 μA, which keeps the SQUID in small signal mode. For this particular current and beam-to-SQUID separation, the conducting current-carrying resonator gives a slightly larger voltage swing than the superconducting resonator for small displacements, whereas the superconducting resonator gives a larger response when it moves closer to the SQUID loop.
Given the (white) voltage noise floor of the nanoSQUID is ∼ 1 × 10 −10 V/ Hz 1/2 , the steepest parts of the responses shown in Fig. 8 
V. CONCLUSION
We show in this paper the principle behind nanoSQUID readout of a NEMS resonator and the expected response of the nanoSQUID when the resonator is used as a current-carrying conductor or as a superconducting shield. The nanoSQUID-NEMS coupled devices may all be made in-situ using a gallium FIB making the fabrication process much simpler. The spring constant of the resonator was measured using the process of nanoindentation allowing an estimation of the natural frequencies. Future work will be undertaken to experimentally detect the motion of the resonator through a SQUID.
Although the SQUID response for a conducting resonator is of a similar order of magnitude and the response may be increased by increasing the current through the resonator, there are several key reasons to pursue superconducting resonators including the lack of dissipation, the removal of the need for direct current connections if another mode of actuation is employed, and the potential for very high quality factors. If quality factors of superconducting resonators superseded their conducting counterparts by several orders of magnitude the output voltage for devices incorporating these materials would be greater. On the other hand the conducting resonator offers a straightforward way to implement actuation and readout at the same time.
One method of actuation currently being considered is magnetic. The advantage of this technique is that it is broadband [19] . If a superconducting resonator was used, magnetic actuation would be complicated by the Meissner effect of the superconductor, so that an alternative might need to be considered. Common alternatives include thermal, electrostatic, and piezoelectric actuation. The limiting factor for thermal actuation is the thermal time constant, the time it takes to cool the device down before it may be heated again [20] . For piezoelectric actuation it is often the charging time of the actuation circuit which limits the frequency of actuation [21] , and for electrostatic actuation it is the parasitic capacitance of the chip which may dominate at high frequencies [22] . For superconducting devices, thermal actuation might be a good alternative due to the low thermal time constant at cryogenic temperatures. This could for instance achieved through the use of a laser or an on-chip heating element.
